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Abstract
The Cassini mission offered us the opportunity to monitor the seasonal evolution of Titan’s atmosphere from 2004 to
2017, i.e. half a Titan year. The lower part of the stratosphere (pressures greater than 10 mbar) is a region of particular
interest as there are few available temperature measurements, and because its thermal response to the seasonal and
meridional insolation variations undergone by Titan remain poorly known. In this study, we measure temperatures in
Titan’s lower stratosphere between 6 mbar and 25 mbar using Cassini/CIRS spectra covering the whole duration of
the mission (from 2004 to 2017) and the whole latitude range. We can thus characterize the meridional distribution of
temperatures in Titan’s lower stratosphere, and how it evolves from northern winter (2004) to summer solstice (2017).
Our measurements show that Titan’s lower stratosphere undergoes significant seasonal changes, especially at the South
pole, where temperature decreases by 19 K at 15 mbar in 4 years.
1. Introduction
Titan has a dense atmosphere, composed of N2 and
CH4, and many trace gases such as hydrocarbons (e.g.
C2H6, C2H2) and nitriles (e.g. HCN, HC3N) produced
by its rich photochemistry. Like Earth, Titan has a
stratosphere, located between 50 km (∼ 100 mbar) and
400 km (∼ 0.01 mbar), characterized by the increase of
its temperature with altitude because of the absorption
of incoming sunlight by methane and hazes. Titan’s
atmosphere undergoes strong variations of insolation, due
to its obliquity (26.7◦) and to the eccentricity of Saturn’s
orbit around the Sun (0.0565).
The Cassini spacecraft monitored Titan’s atmosphere
during 13 years (from 2004 to 2017), from northern winter
to summer solstice. Its data are a unique opportunity
to study the seasonal evolution of its stratosphere,
especially with mid-IR observations from Cassini/CIRS
(Composite InfraRed Spectrometer, Flasar et al. (2004)).
They showed that at pressures lower than 5 mbar, the
stratosphere exhibits strong seasonal variations of temper-
ature and composition related to changes in atmospheric
dynamics and radiative processes. For instance, during
northern winter (2004-2008), high northern latitudes
were enriched in photochemical products such as HCN
∗Corresponding author
or C4H2, while there was a ”hot spot” in the upper
stratosphere and mesosphere (0.1 - 0.001 mbar, Achter-
berg et al. (2008); Coustenis et al. (2007); Teanby et al.
(2007); Vinatier et al. (2007)). These observations were
interpreted as evidence of subsidence above the North
pole during winter, which is a part of the pole-to-pole
atmospheric circulation cell predicted for solstices by
Titan GCMs (Global Climate Models, Lora et al. (2015);
Lebonnois et al. (2012); Newman et al. (2011)). These
models also predict that the circulation pattern should
reverse around equinoxes, via a transitional state with
two equator-to-pole cells. These changes began to affect
the South pole in 2010, when measurements showed that
pressures inferior to 0.03 mbar exhibited an enrichment in
gases such as HCN or C2H2, which propagated downward
during autumn, consistent with the apparition of a new
circulation cell with subsidence above the South pole
(Teanby et al., 2017; Vinatier et al., 2015).
Some uncertainties remain about the seasonal evolu-
tion of the lower part of the stratosphere, i.e. at pressures
from 5 mbar (120 km) to 100 mbar (tropopause, 50 km).
Different estimates of radiative timescales have been
calculated for this region. In Strobel et al. (2010), the
radiative timescales in this region vary from 0.2 Titan
years at 5 mbar to 2.5 Titan years at 100 mbar. This
means that the lower stratosphere should be the transition
zone from parts of the atmosphere which are sensitive to
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seasonal insolation variations, to parts of the atmosphere
which are not. In contrast, in the radiative-dynamical
model of Be´zard et al. (2018), radiative timescales are
between 0.02 Titan year at 5 mbar and 0.26 Titan year at
100 mbar, implying that this whole region should exhibit
a response to the seasonal cycle.
From northern winter to equinox, CIRS mid-IR
observations showed that temperature variations were
lower than 5 K between 5 mbar and 10 mbar (Bampasidis
et al., 2012; Achterberg et al., 2011). Temporal variations
intensified after spring equinox, as Coustenis et al. (2016)
measured a cooling by 16 K and an increase in gases
abundances at 70◦S from 2010 to 2014, at 10 mbar,
associated with the autumn subsidence above the South
pole. Sylvestre et al. (2018) showed that this subsidence
affects pressure levels as low as 15 mbar as they measured
strong enrichments in C2N2, C3H4, and C4H2 at high
southern latitudes from 2012 to 2016 with CIRS far-IR
observations. However, we have little information on
temperatures and their seasonal evolution for pressures
greater than 10 mbar. Temperatures from the surface to
0.1 mbar can be measured by Cassini radio-occultations,
but the published profiles were measured mainly in 2006
and 2007 (Schinder et al., 2011, 2012), so they provide
little information on seasonal variations of temperature.
In this study, we analyse all the available far-IR
Cassini/CIRS observations to probe temperatures from
6 mbar to 25 mbar, and measure the seasonal variations
of lower stratospheric temperatures. As these data were
acquired throughout the Cassini mission from 2004 to
2017, and cover the whole latitude range, they provide
a unique overview of the thermal evolution of the lower
stratosphere from northern winter to summer solstice, and
a better understanding of the radiative and dynamical
processes at play in this part of Titan’s atmosphere.
2. Data analysis
2.1. Observations
We measure lower stratospheric temperatures using
Cassini/CIRS (Flasar et al., 2004) spectra. CIRS is a
thermal infrared spectrometer with three focal planes op-
erating in three different spectral domains: 10 - 600 cm−1
(17 - 1000 µm) for FP1, 600 - 1100 cm−1 (9 - 17 µm) for
FP3, and 1100 - 1400 cm−1 (7 - 9 µm) for FP4. FP1 has
a single circular detector with an angular field of view of
3.9 mrad, which has an approximately Gaussian spatial
response with a FWHM of 2.5 mrad. FP3 and FP4 are
each composed of a linear array of ten detectors. Each of
these detectors has an angular field of view of 0.273 mrad.
In this study, we use FP1 far-IR observations, where
nadir spectra are measured at a resolution of 0.5 cm−1, in
”sit-and-stare” geometry (i.e the FP1 detector probes the
same latitude and longitude during the whole duration of
the acquisition). In this type of observation, the average
spatial field of view is 20◦ in latitude. An acquisition lasts
between 1h30 and 4h30, allowing the recording of 100 to
330 spectra. The spectra from the same acquisition are
averaged together, which increases the S/N by a factor√
N (where N is the number of spectra). As a result, we
obtain an average spectrum where the rotational lines
of CH4 (between 70 cm
−1 and 170 cm−1) are resolved
and can be used to retrieve Titan’s lower stratospheric
temperature. An example averaged spectrum is shown in
Fig. 1.
We analysed all the available observations with the
characteristics mentioned above. As shown in table 1,
this type of nadir far-IR observation has been performed
throughout the Cassini mission (from 2004 to 2017), at
all latitudes. Hence, the analysis of this dataset enables
us to get an overview of Titan’s lower stratosphere and
its seasonal evolution.
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Figure 1: Example of average spectrum measured with the FP1 de-
tector of Cassini/CIRS (in black) and its fit by NEMESIS (in red).
The measured spectrum was obtained after averaging 106 spectra
observed at 89◦N in March 2007. The rotational lines of CH4 are
used to retrieve stratospheric temperature. The ”haystack” feature
is visible only at high latitudes during autumn and winter.
2.2. Retrieval method
We follow the same method as Sylvestre et al. (2018).
We use the portion of the spectrum between 70 cm−1 and
400 cm−1, where the main spectral features are: the ten
rotational lines of CH4 (between 70 cm
−1 and 170 cm−1),
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the C4H2 band at 220 cm
−1, the C2N2 band at 234 cm−1,
and the C3H4 band at 327 cm
−1 (see Fig. 1). The
continuum emission comes from the collisions between the
three main components of Titan’s atmosphere (N2, CH4,
and H2), and from the spectral contributions of the hazes.
We retrieve the temperature profile using the con-
strained non-linear inversion code NEMESIS (Irwin et al.,
2008). We define a reference atmosphere, which takes
into account the abundances of the main constituents
of Titan’s atmosphere measured by Cassini/CIRS
(Coustenis et al., 2016; Nixon et al., 2012; Cottini et al.,
2012; Teanby et al., 2009), Cassini/VIMS (Maltagliati
et al., 2015), ALMA (Molter et al., 2016) and Huy-
gens/GCMS(Niemann et al., 2010). We also consider the
haze distribution and properties measured in previous
studies with Cassini/CIRS (de Kok et al., 2007, 2010;
Vinatier et al., 2012), and Huygens/GCMS (Tomasko
et al., 2008). We consider four types of hazes, following
de Kok et al. (2007): hazes 0 (70 cm−1 to 400 cm−1),
A (centred at 140 cm−1), B (centred at 220 cm−1) and
C (centred at 190 cm−1). For the spectra measured at
high northern and southern latitudes during autumn and
winter, we add an offset from 1 to 3 cm−1 to the nominal
haze B cross-sections between 190 cm−1 and 240 cm−1, as
in Sylvestre et al. (2018). This modification improves the
fit of the continuum in the ”haystack” which is a strong
emission feature between 190 cm−1 and 240 cm−1 (see
Fig. 1) seen at high latitudes during autumn and winter
(e.g. in Coustenis et al. (1999); de Kok et al. (2007);
Anderson et al. (2012); Jennings et al. (2012, 2015)).
The variation of the offset allows us to take into account
the evolution of the shape of this feature throughout
autumn and winter. The composition of our reference
atmosphere and the spectroscopic parameters adopted for
its constituents are fully detailed in Sylvestre et al. (2018).
We retrieve the temperature profile and scale factors
applied to the a priori profiles of C2N2, C4H2, C3H4,
and hazes 0, A, B and C, from the spectra using the
constrained non-linear inversion code NEMESIS (Irwin
et al., 2008). This code generates synthetic spectra from
the reference atmosphere. At each iteration, the difference
between the synthetic and the measured spectra is used
to modify the profile of the retrieved variables, and
minimise a cost function, in order to find the best fit for
the measured spectrum.
The sensitivity of the spectra to the temperature can
be measured with the inversion kernels for the temperature
(defined as Kij =
∂Ii
∂Tj
, where Ii is the radiance measured
at wavenumber wi, and Tj the temperature at pressure
level pj) for several wavenumbers. The contribution of
the methane lines to the temperature measurement can
be isolated by defining their own inversion kernels KCH4ij
as follows:
KCH4ij = Kij −Kcontij (1)
where Kcontij is the inversion kernel of the continuum for
the same wavenumber. Figure 2 shows KCH4ij for three
of the rotational methane lines in the left panel, and the
comparison between the sum of the 10 KCH4ij (for the
10 rotational CH4 lines) and inversion kernels for the
continuum (Kcontij at the wavenumbers of the CH4 lines
and Kij outside of the CH4 lines) in the right panel.
The CH4 lines allow us to measure lower stratospheric
temperatures generally between 6 mbar and 25 mbar,
with a maximal sensitivity at 15 mbar. The continuum
emission mainly probes temperatures at higher pressures,
around the tropopause and in the troposphere. The
continuum emission mostly originates from the N2-N2
and N2-CH4 collisions induced absorption with some
contribution from the hazes, for which we have limited
constraints. However, Fig. 2 shows that the continuum
emission comes from pressure levels located several scale
heights below the region probed by the CH4 lines, so
the lack of constraints on the hazes and tropospheric
temperatures does not affect the lower stratospheric
temperatures which are the main focus of this study.
Figure 2: Sensitivity of temperature measurements at 72◦N in April
2007. Left panel : Normalised inversion kernels KCH4ij in three of
the CH4 rotational lines. Right panel: Comparison between the
inversion kernels in the continuum (Kcontij for three of the CH4 lines
in dot-dashed lines, and Kij for other wavenumbers in the continuum
in dashed lines) and the sum of the inversion kernels KCH4ij of the
CH4 rotational lines. CH4 rotational lines dominate the temperature
retrievals in the lower stratosphere, generally from 6 to 25 mbar (and
up to 35 mbar, depending on the datasets). The continuum emission
probes temperatures at pressures higher than 50 mbar, mainly in the
troposphere.
2.3. Error sources
The main error sources in our temperature retrievals
are the measurement noise and the uncertainties related
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to the retrieval process such as forward modelling errors or
the smoothing of the temperature profile. The total error
on the temperature retrieval is estimated by NEMESIS
and is in the order of 2 K from 6 mbar to 25 mbar.
The other possible error source is the uncertainty on
CH4 abundance, as Lellouch et al. (2014) showed that it
can vary from 1% to 1.5% at 15 mbar. We performed
additional temperature retrievals on several datasets,
in order to assess the effects of these variations on the
temperature retrievals. First, we selected datasets for
which CH4 abundance was measured by Lellouch et al.
(2014). In Figure 3, we show examples of these tests for
two of these datasets: 52◦N in May 2007 and 15◦S in
October 2006, for which Lellouch et al. (2014) measured
respective CH4 abundances of qCH4 = 1.20 ± 0.15% and
qCH4 = 0.95± 0.08% (the nominal value for our retrievals
is qCH4 = 1.48 ± 0.09% from Niemann et al. (2010)). At
52◦N, the temperature profile obtained with the methane
abundance from Lellouch et al. (2014) does not differ by
more than 4 K from the nominal temperature profile.
At 15 mbar (where the sensitivity to temperature is
maximal in our retrievals), the difference of temperature
between these two profiles is 2 K. Even a CH4 volume
mixing ratio as low as 1% yields a temperature only 4 K
warmer than the nominal temperature at 15 mbar. At
15◦S, the difference of temperature between the nominal
retrieval and the retrieval with the methane abundance
retrieved by Lellouch et al. (2014) (qCH4 = 0.95%), is
approximately 9 K on the whole pressure range.
We performed additional temperature retrievals using
CIRS FP4 nadir spectra measured at the same times
and latitudes as the two datasets shown in Figure 3.
In FP4 nadir spectra, the methane band ν4 is visible
between 1200 cm−1 and 1360 cm−1. This spectral
feature allows us to probe temperature between 0.1 mbar
and 10 mbar, whereas methane rotational lines in the
CIRS FP1 nadir spectra generally probe temperature
between 6 mbar and 25 mbar. Temperature can thus be
measured with both types of retrievals from 6 mbar to
10 mbar. We performed FP4 temperature retrievals with
the nominal methane abundance and the abundances
measured by Lellouch et al. (2014), as shown in Figure
3. FP4 temperature retrievals seem less sensitive to
changes in the methane volume mixing ratio, as they
yield a maximal temperature difference of 3 K at 52◦N
, and 4 K at 15◦S between 6 mbar and 10 mbar. In
both cases, FP1 and FP4 temperature retrievals are in
better agreement in their common pressure range when
the nominal methane abundance (qCH4 = 1.48%) is used
for both retrievals. This suggests that qCH4 = 1.48% is
the best choice, at least in the pressure range covered by
both types of temperature retrievals (from 6 mbar to 10
mbar). Changing the abundance of CH4 in the whole
stratosphere seems to induce an error on the temperature
measurements between 6 mbar and 10 mbar (up to 9 K at
15◦S), which probably affects the temperature at 15 mbar
in the FP1 retrievals, because of the vertical resolution of
nadir retrievals (represented by the width of the inversion
kernels in Fig. 2). Consequently, assessing the effects of
CH4 abundance variations on temperature at 15 mbar
by changing qCH4 in the whole stratosphere seems to
be a very unfavourable test, and the uncertainties on
temperature determined by this method are probably
overestimated for the FP1 temperature retrievals. Over-
all, when retrieving temperature from CIRS FP1 nadir
spectra with qCH4 = 1% for datasets spanning different
times and latitudes, we found temperatures warmer than
our nominal temperatures by 2 K to 10 K at 15 mbar,
with an average of 5 K. In Lellouch et al. (2014), authors
found that temperature changes by 4-5 K on the whole
pressure range when varying qCH4 at 15
◦S, but they
determined temperatures using FP4 nadir and limb data,
which do not probe the 15 mbar pressure level.
3. Results
Figures 4 and 5 show the temperatures measured
with Cassini/CIRS far-IR nadir data at 6 mbar (minimal
pressure probed by the CIRS far-IR nadir observations)
and 15 mbar (pressure level where these observations are
the most sensitive). Figure 4 maps the seasonal evolution
of temperatures throughout the Cassini mission (from
2004 to 2017, i.e. from mid-northern winter to early
summer), while Figure 5 is focused on the evolution of
the meridional gradient of temperature from one season
to another. In both figures, both pressure levels exhibit
significant seasonal variations of temperature and follow
similar trends. Maximal temperatures are reached near
the equator in 2005 (152 K at 6 mbar, 130 K at 15 mbar,
at 18◦S, at LS = 300◦), while the minimal temperatures
are reached at high southern latitudes in autumn (123 K
at 6 mbar, 106 K at 15 mbar at 70◦S in 2016, at LS = 79◦).
The maximal seasonal variations of temperature
are located at the poles for both pressure levels. At
high northern latitudes (60◦N - 90◦N), at 15 mbar, the
temperature increased overall from winter to summer
solstice. For instance at 70◦N, temperature increased by
10 K from January 2007 to September 2017. At 6 mbar,
temperatures at 60◦N stayed approximately constant
from winter to spring, whereas latitudes poleward from
70◦N warmed up. At 85◦N, the temperature increased
continuously from 125 K in March 2007 to 142 K in
September 2017.
In the meantime, at high southern latitudes (60◦S
- 90◦S), at 6 mbar and 15 mbar, temperatures strongly
decreased from southern summer (2007) to late autumn
(2016). It is the largest seasonal temperature change we
measured in the lower stratosphere. At 70◦S, temperature
decreased by 24 K at 6 mbar and by 19 K at 15 mbar
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Figure 3: Temperature profiles from CIRS FP1 and FP4 nadir ob-
servations at 52◦N in May 2007 (top panel) and 15◦S in October
2006 (bottom panel), retrieved with the methane abundances mea-
sured by Niemann et al. (2010) (nominal value in this study) and
Lellouch et al. (2014). In both cases, the nominal value from Nie-
mann et al. (2010) yields a better agreement between the two types
of observations.
Figure 4: Evolution of temperatures at 6 mbar (120 km) and 15 mbar
(85 km) from northern winter (2004) to summer (2017). The length
of the markers shows the average size of the field of view of the CIRS
FP1 detector. Temperatures exhibit similar strong seasonal changes
at both pressure levels, especially at the poles.
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Figure 5: Meridional distribution of temperatures at 6 mbar (120 km)
and 15 mbar (85 km), for three different seasons: late northern win-
ter (2007, blue triangles), mid-spring (2013, green circles), and near
summer solstice (from July 2016 to September 2017, red diamonds).
The plain lines are the meridional distributions given by GCM sim-
ulations at comparable seasons (see section 4). In both observations
and model the meridional gradient of temperatures evolves from one
season to another at both pressure levels.
between January 2007 and June 2016. This decrease
seems to be followed by a temperature increase toward
winter solstice. At 70◦S, temperatures varied by +8 K at
6 mbar from June 2016 to April 2017. Temperatures at
high southern latitudes began to evolve in November 2010
at 6 mbar, and 2 years later (in August 2012) at 15 mbar.
Other latitudes experience moderate seasonal tem-
perature variations. At low latitudes (between 30◦N and
30◦S), temperature decreased overall from 2004 to 2017
at both pressure levels. For instance, at the equator,
at 6 mbar temperature decreased by 6 K from 2006 to
2016. At mid-southern latitudes, temperatures stayed
constant from summer (2005) to mid-autumn (June
2012 at 6 mbar, and May 2013 at 15 mbar), then they
decreased by approximately 10 K from 2012-2013 to 2016.
At mid-northern latitudes temperatures increased overall
from winter to spring. At 50◦N, temperature increased
from 139 K to 144 K from 2005 to 2014. In Figure 5, at
6 mbar and 15 mbar, the meridional temperature gradient
evolves from one season to another. During late northern
winter, temperatures were approximately constant from
70◦S to 30◦N, and then decreased toward the North pole.
In mid-spring, temperatures were decreasing from equator
to poles. Near the summer solstice, at 15 mbar, the
meridional temperature gradient reversed compared to
winter (summer temperatures constant in northern and
low southern latitudes then decreasing toward the South
Pole), while at 6 mbar, temperatures globally decrease
from the equator to the South pole and 70◦N, then
increase slightly between 70◦N and 90◦N. At 15 mbar,
most of these changes in the shape of the temperature
distribution occur because of the temperature variations
poleward from 60◦. At 6 mbar, temperature variations
occur mostly in the southern hemisphere at latitudes
higher than 40◦S, and near the North pole at latitudes
higher than 70◦N.
Figure 6: Temperature variations in the lower stratosphere during
the Cassini mission for different latitudes. The blue profiles were
measured during northern winter (in 2007). The red profiles were
measured in late northern spring (in 2017 for 85◦N, in 2016 for the
other latitudes). The seasonal temperature variations are observed
at most latitudes, and on the whole probed pressure range.
Figure 6 shows the first and the last temperature
profiles measured with CIRS nadir far-IR data, for
several latitudes. As in Fig. 4, the maximal temperature
variations are measured at high southern latitudes for all
pressure levels. At 70◦S, the temperature decreased by
25 K at 10 mbar. Below 10 mbar the seasonal temperature
difference decreases rapidly with increasing pressure until
it reaches 10 K at 25 mbar, whereas it is nearly constant
between 5 mbar and 10 mbar. 85◦N also exhibits a
decrease of the seasonal temperature gradient below the
10 mbar pressure level, although it is less pronounced than
near the South pole. At 45◦S, the temperature decreased
by approximately 10 K from 2007 to 2016, over the whole
probed pressure range. At the equator, the temperature
varies by -5 K from 2005 to 2016 at 6 mbar and the
amplitude of this variation seems to decrease slightly with
increasing pressure until it becomes negligible at 25 mbar.
However the amplitude of these variations is in the same
range as the uncertainty on temperature due to potential
CH4 variations.
4. Discussion
4.1. Comparison with previous results
Figure 7 shows a comparison between our results and
previous studies where temperatures have been measured
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Figure 7: Comparison of nadir FP1 temperatures with previous stud-
ies. Top left panel: Comparison between CIRS nadir FP1 (trian-
gles) and CIRS nadir FP4 temperatures at 6 mbar (circles, Bampa-
sidis et al. (2012)[1], and Coustenis et al. (2016)[2]) in 2010 (cyan)
and 2014 (purple). Right panel: Comparison between tempera-
ture profiles from CIRS nadir FP1 observations (thick solid lines),
CIRS nadir FP4 observations (thin dot-dashed lines, Coustenis et al.
(2016)[2]), and Cassini radio-occultation (thin dashed line, Schin-
der et al. (2011)[3]). Our results are in good agreement with CIRS
FP4 temperatures, but diverge somewhat from radio-occultation pro-
files with increasing pressure. Bottom left panel: Comparison be-
tween temperatures at 15 mbar from our CIRS FP1 nadir measure-
ments (magenta triangles), Cassini radio-occultations in 2006 and
2007 (cyan circles, Schinder et al. (2011, 2012), [3], [4]), and the
Huygens/HASI measurement in 2005 (yellow diamond, Fulchignoni
et al. (2005), [5]).The dashed magenta line shows the potential ef-
fect of the CH4 variations observed by Lellouch et al. (2014). If we
take into account this effect, the agreement between our data, the
radio-occultations and the HASI measurements is good.
in the lower stratosphere at similar epochs, latitudes
and pressure levels. In the top left and right panels, our
temperature measurements are compared to results from
CIRS FP4 nadir observations (Bampasidis et al., 2012;
Coustenis et al., 2016) which probe mainly the 0.1-10 mbar
pressure range. In the top left panel, the temperatures
measured at 6 mbar by these two types of observations are
in good agreement for the two considered epochs (2009-
2010 and 2014). We obtain similar meridional gradients
with both types of observations, even if FP4 temperatures
are obtained from averages of spectra over bins of 10◦ of
latitudes (except at 70◦N and 70◦S where the bins are 20◦
wide in latitude), whereas the average size in latitude of
the field of view of the FP1 detector is 20◦. It thus seems
than the wider latitudinal size of the FP1 field of view
has little effect on our temperature measurements. In the
right panel, our temperature profiles are compared to two
profiles measured by Coustenis et al. (2016) using CIRS
FP4 nadir observations (at 50◦S in April 2010, and at
70◦S in June 2012), and with Cassini radio-occultations
measurements from Schinder et al. (2011, 2012), which
probe the atmosphere from the surface to 0.1 mbar (0 -
300 km). CIRS FP1 and FP4 temperature profiles are in
good averall agreement. The profile we measured at 28◦S
in February 2006 and the corresponding radio-occultation
profile are within error bars for pressures lower than
13 mbar, then the difference between them increases up
to 8 K at 25 mbar. The bottom left panel of Fig. 7
shows the radio-occultation temperatures in 2006 and
2007 compared to CIRS nadir FP1 temperatures at
15 mbar, where their sensitivity to the temperature is
maximal. Although, the radio-occultations temperatures
are systematically higher than the CIRS temperatures by
2 K to 6 K, they follow the same meridional trend. CIRS
FP1 temperatures at the equator are also lower than the
temperature measured by the HASI instrument at 15 mbar
during Huygens descent in Titan’s atmosphere in 2005.
If we take into account the effect of the spatial variations
of CH4 at 15 mbar observed by Lellouch et al. (2014) by
decreasing the CH4 abundance to 1% (the lower limit
in Lellouch et al. (2014)) in the CIRS FP1 temperature
measurements (dashed line in the middle panel of Fig. 7),
the agreement between the three types of observations is
good in the southern hemisphere. The differences between
radio-occultations, HASI and CIRS temperatures might
also be explained by the difference of vertical resolution.
Indeed nadir observations have a vertical resolution in
the order of 50 km while radio-occultations and HASI
observations have respective vertical resolutions of 1 km
and 200 m around 15 mbar.
4.2. Effects of Saturn’s eccentricity
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Figure 8: Temporal evolution of Titan’s lower stratospheric temper-
atures at the equator (5◦N - 5◦S) at 6 mbar (left panel) and 15 mbar
(right panel), compared with a simple model of the evolution of the
temperature as a function of the distance between Titan and the Sun
(green line). The reduced χ2 between this model and the observa-
tions is 0.95 at 6 mbar and 1.07 at 15 mbar. The amplitude of the
temperature variations at Titan’s equator throughout the Cassini
mission can be explained by the effect of Saturn’s eccentricity.
Because of Saturn’s orbital eccentricity of 0.0565, the
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distance between Titan and the Sun varies enough to affect
significantly the insolation. For instance, throughout the
Cassini mission, the solar flux received at the equator has
decreased by 19% because of the eccentricity. We make a
simple model of the evolution of the temperature T at the
equator as a function of the distance between Titan and
the Sun. In this model we assume that the temperature
T at the considered pressure level and at a given time
depends only on the absorbed solar flux F and we neglect
the radiative exchanges between atmospheric layers:
σT 4 = F (2)
where  is the emissivity of the atmosphere at this pressure
level, and σ the Stefan-Boltzmann constant. T can thus
be defined as a function of the distance d between Titan
and the Sun:
T 4 =
αL
16σpid2
(3)
where L is the solar power, and α the absorptivity of
the atmosphere. If we choose a reference temperature T0
where Titan is at a distance d0 from the Sun, a relation
similar to (3) can be written for T0. If we assume  and α
to be constant, T can then be written as:
T = T0
√
d0
d
(4)
Figure 8 shows a comparison between this model and
the temperatures measured between 5◦N and 5◦S from
2006 to 2016, at 6 mbar and 15 mbar. We choose T0
as the temperature at the beginning of the observations
(December 2005/January 2006) which provides the best
fit between our model and the observations while being
consistent with the observations at the same epoch
(T0 = 151.7 K at 6 mbar, and T0 = 129 K at 15 mbar).
At 6 mbar, we measure a temperature decrease from
2006 to 2016. This is similar to what has been measured
at 4 mbar by Be´zard et al. (2018) with CIRS mid-IR
observations, whereas their radiative-dynamical model
predicts a small temperature maximum around the
northern spring equinox (2009). At 15 mbar, equatorial
temperatures are mostly constant from 2005 to 2016, with
a marginal decrease in 2016. Our model predicts tempera-
ture variations of 8 K at 6 mbar and 7 K at 15 mbar from
2006 to 2016. Both predictions are consistent with the
measurements and with radiative timescales shorter than
one Titan year at 6 mbar and 15 mbar, as in Be´zard et al.
(2018) where they are respectively equal to 0.024 Titan
year and 0.06 Titan year. At both pressure levels, the
model captures the magnitude of the temperature change,
but does not fully match its timing or shape (especially
in 2012-2014), implying that a more sophisticated model
is needed. The remaining differences between our model
and the temperature measurements could be decreased
by adding a temporal lag to our model (2-3 years at
6 mbar and 3-4 years at 15 mbar), but the error bars on
the temperature measurements are too large to constrain
the lag to a value statistically distinct from zero. Even
with this potential lag, the agreement between the model
and the temperatures measured at 6 mbar shows that
the amplitude of the temporal evolution throughout
the Cassini mission may be explained by the effects of
Saturn’s eccentricity. At 15 mbar, given the error bars
and the lack of further far-IR temperature measurements
at the equator in 2016 and 2017, it remains difficult
to draw a definitive conclusion about the influence of
Saturn’s eccentricity at this pressure level.
4.3. Implication for radiative and dynamical processes of
the lower stratosphere
In Section 3, we showed that in the lower stratosphere,
the seasonal evolution of the temperature is maximal at
high latitudes, especially at the South Pole. At 15 mbar,
the strong cooling of high southern latitudes started in
2012, simultaneously with the increase in C2N2, C4H2,
and C3H4 abundances measured at the same latitudes
and pressure-level in Sylvestre et al. (2018). We also
show that this cooling affects the atmosphere at least
down to the 25 mbar pressure level (altitude of 70 km).
The enrichment of the gases and cooling are consistent
with the onset of a subsidence above the South Pole
during autumn, as predicted by GCMs (Newman et al.,
2011; Lebonnois et al., 2012), and inferred from previous
CIRS observations at higher altitudes (Teanby et al.,
2012; Vinatier et al., 2015; Coustenis et al., 2016). As
Titan’s atmospheric circulation transitions from two
equator-to-poles cells (with upwelling above the equator
and subsidence above the poles) to a single pole-to-pole
cell (with a descending branch above South Pole), this
subsidence drags downward photochemical species created
at higher altitudes toward the lower stratosphere. Teanby
et al. (2017) showed that enrichment in trace gases may
be so strong that their cooling effect combined with the
insolation decrease may exceed the adiabatic heating
between 0.3 mbar and 10 mbar (100 - 250 km). Our
observations show that this phenomena may be at play
down as deep as 25 mbar.
We compare retrieved temperature fields with results
of simulations from IPSL 3D-GCM (Lebonnois et al.,
2012) with an updated radiative transfer scheme (Vatant
d’Ollone et al., 2017) now based on a flexible correlated-k
method and up-to-date gas spectroscopic data (Rothman
et al., 2013). It does not take into account the radiative
feedback of the enrichment in hazes and trace gases in
the polar regions, but it nevertheless appears that there
is a good agreement in terms of seasonal cycle between
the model and the observations. As shown in Figure 5,
at 6 mbar meridional distributions and values of tempera-
tures in the model match well the observations. It can be
pointed out that in both model and observations there is
a noticeable asymmetry between high southern latitudes
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where the temperature decreases rapidly from the equinox
to winter, and high northern latitudes which evolve more
slowly from winter to summer. For instance, in both CIRS
data and model, between 2007 and 2013 at 6 mbar and
70◦N the atmosphere has warmed by only about 2 K, while
in the meantime at 70◦S it has cooled by about 10-15 K.
This is consistent with an increase of radiative timescales
at high northern latitudes (due to lower temperatures,
Achterberg et al. (2011)) which would remain cold for ap-
proximately one season even after the return of sunlight.
Figure 9 shows the temporal evolution of the temperature
at 70◦N over one Titan year in the lower stratosphere in
the GCM simulations and also emphasizes this asymmetry
between the ingress and egress of winter at high latitudes.
In Figure 5, at 15 mbar modeled temperatures underes-
timate the observations by roughly 5-10 K, certainly due
to a lack of infrared coolers such as clouds condensates
(Jennings et al., 2015). However, observations and sim-
ulations exhibit similar meridional temperature gradients
for the three studied epochs, and similar seasonal temper-
ature evolution. For instance, in 2016-2017 we measured
a temperature gradient of -11 K between the North and
South Pole, whereas GCM simulations predict a tempera-
ture gradient of -12 K. At 70◦S, temperature decreases by
10 K between 2007 and 2016-2017 in the GCM and in our
observations. Besides, at 15 mbar, the seasonal behaviour
remains the same as at 6 mbar, although more damped.
Indeed comparison with GCM results also supports the
idea that the seasonal effects due to the variations of in-
solation are damped with increasing depth in the lower
stratosphere and ultimately muted below 25 mbar, as dis-
played in Figure 9. At lower altitudes the seasonal cy-
cle of temperature at high latitudes is even inverted with
temperatures increasing in the winter and decreasing in
summer. Indeed at these altitudes, due to the radiative
timescales exceeding one Titan year, temperature is no
more sensitive to the seasonal variations of solar forcing,
but to the interplay of ascending and descending large
scale vertical motions of the pole-to-pole cell, inducing re-
spectively adiabatic heating above winter pole and cooling
above summer pole, as previously discussed in Lebonnois
et al. (2012).
Further analysis of simulations – not presented here -
also show that after 2016, temperatures at high southern
latitudes began to slightly increase again at 6 mbar,
which is consistent with observations, whereas at 15 mbar
no change in the trend is observed, certainly due to a
phase shift of the seasonal cycle between the two altitudes
induced by the difference of radiative timescales, which is
also illustrated in Figure 9.
We also show in Figure 6 that at high southern lati-
tudes, from 6 to 10 mbar seasonal temperature variations
are approximately constant with pressure and can be
larger than 10 K, whereas they decrease with increasing
pressure below 10 mbar. This transition at 10 mbar may
be caused by the increase of radiative timescales in the
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Figure 9: Seasonal evolution of Titan’s lower stratospheric tempera-
tures modeled by the IPSL 3D-GCM at 70◦N - between 5 mbar and
50 mbar, starting at northern spring equinox. In the pressure range
probed by the CIRS far-IR observations (from 6 mbar to 25 mbar),
there is a strong asymmetry between the rapid temperature changes
after autumn equinox (LS = 180
◦) and the slow evolution of the
thermal structure after spring equinox (LS = 0
◦).
lower stratosphere. Strobel et al. (2010) estimated that
the radiative timescale increases from one Titan season
at 6 mbar to half a Titan year at 12 mbar. It can thus
be expected that this region should be a transition zone
between regions of the atmosphere where the atmospheric
response to the seasonal insolation variations is significant
and comes with little lag, to regions of the atmosphere
where they are negligible. However, this transition should
be observable at other latitudes such as 45◦S, whereas
Figure 6 shows a seasonal gradient constant with pressure
at this latitude. Furthermore, in Be´zard et al. (2018), the
authors show that the method used to estimate radiative
timescales in Strobel et al. (2010) tends to overestimate
them, and that in their model radiative timescales are less
than a Titan season down to the 35 mbar pressure level,
which is more consistent with the seasonal variations
measured at 45◦S.
The 10 mbar transition can also be caused by the
interplay between photochemical, radiative and dynamical
processes at high latitudes. Indeed, as photochemical
species are transported downward by the subsidence
above the autumn/winter pole, build up and cool strongly
the lower atmosphere, the condensation level of species
such as HCN, HC3N, C4H2 or C6H6 may be shifted
upward, toward the 10 mbar level. Hence, below this
pressure level, the volume mixing ratios of these gases
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would rapidly decrease, along with their cooling effect.
Many observations, especially during the Cassini mission
showed that during winter and autumn, polar regions host
clouds composed of ices of photochemical species. For
instance, the ”haystack” feature showed in Fig. 1 has been
studied at both poles in Coustenis et al. (1999); Jennings
et al. (2012, 2015), and is attributed to a mixture of
condensates, possibly of nitrile origin. Moreover, HCN ice
has been measured in the southern polar cloud observed
by de Kok et al. (2014) with Cassini/VIMS observations.
C6H6 ice has also been detected by Vinatier et al. (2018)
in CIRS observations of the South Pole. The condensation
curve for C4H2 in Barth (2017) is also consistent with the
formation of C4H2 ice around 10 mbar with the temper-
atures we measured at 70◦S in 2016. These organic ices
may also have a cooling effect themselves as Be´zard et al.
(2018) showed that at 9 mbar, the nitrile haze measured
by Anderson and Samuelson (2011) contributes to the
cooling with an intensity comparable to the contribution
of gases such as C2H2 and C2H6.
5. Conclusion
In this paper, we analysed all the available nadir far-IR
CIRS observations to measure Titan’s lower stratospheric
temperatures (6 mbar - 25 mbar) throughout the 13 years
of the Cassini mission, from northern winter to summer
solstice. In this pressure range, significant temperature
changes occur from one season to another. Temperatures
evolve moderately at low and mid-latitudes (less than
10 K between 6 and 15 mbar). At the equator, at 6 mbar
we measure a temperature decrease mostly due to Saturn’s
eccentricity. Seasonal temperature changes are maximal
at high latitudes, especially in the southern hemisphere
where they reach up to -19 K at 70◦S between summer
(2007) and late autumn (2016) at 15 mbar. The strong
seasonal evolution of high southern latitudes is due to a
complex interplay between photochemistry, atmospheric
dynamics with the downwelling above the autumn/winter
poles, radiative processes with a large contribution of
the gases transported toward the lower stratosphere,
and possibly condensation due to the cold autumn polar
temperatures and strong enrichments in trace gases.
Recent GCM simulations show a good agreement with
the observed seasonal variations in this pressure range,
even though these simulations do not include coupling
with variations of opacity sources. In particular at high
latitudes, the fast decrease of temperatures when entering
winter and slower increase when getting into summer is
well reproduced in these simulations.
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Table 1: Far-IR CIRS datasets presented in this study. N stands
for the number of spectra measured during the acquisition. FOV is
the field of view. The asterisk denotes datasets where two different
latitudes were observed.
Observations Date N Latitude (◦N) FOV (◦)
CIRS 00BTI FIRNADCMP001 PRIME 12 Dec. 2004 224 16.4 20.3
CIRS 003TI FIRNADCMP002 PRIME 15 Feb. 2005 180 -18.7 18.5
CIRS 005TI FIRNADCMP002 PRIME 31 Mar. 2005 241 -41.1 25.7
CIRS 005TI FIRNADCMP003 PRIME 01 Apr. 2005 240 47.8 28.5
CIRS 006TI FIRNADCMP002 PRIME 16 Apr. 2005 178 54.7 29.9
CIRS 009TI COMPMAP002 PRIME 06 Jun. 2005 184 -89.7 21.1
CIRS 013TI FIRNADCMP003 PRIME 21 Aug. 2005 192 30.1 15.5
CIRS 013TI FIRNADCMP004 PRIME 22 Aug. 2005 248 -53.7 25.0
CIRS 017TI FIRNADCMP003 PRIME 28 Oct. 2005 119 20.1 19.8
CIRS 019TI FIRNADCMP002 PRIME 26 Dec. 2005 124 -0.0 17.6
CIRS 020TI FIRNADCMP002 PRIME 14 Jan. 2006 107 19.5 19.7
CIRS 021TI FIRNADCMP002 PRIME 27 Feb. 2006 213 -30.2 22.5
CIRS 022TI FIRNADCMP003 PRIME 18 Mar. 2006 401 -0.4 18.4
CIRS 022TI FIRNADCMP008 PRIME 19 Mar. 2006 83 25.3 24.1
CIRS 023TI FIRNADCMP002 PRIME 01 May 2006 215 -35.0 27.8
CIRS 024TI FIRNADCMP003 PRIME 19 May 2006 350 -15.5 21.6
CIRS 025TI FIRNADCMP002 PRIME 02 Jul. 2006 307 25.1 21.7
CIRS 025TI FIRNADCMP003 PRIME 01 Jul. 2006 190 39.7 25.6
CIRS 028TI FIRNADCMP003 PRIME 07 Sep. 2006 350 29.7 19.7
CIRS 029TI FIRNADCMP003 PRIME 23 Sep. 2006 312 9.5 19.4
CIRS 030TI FIRNADCMP002 PRIME 10 Oct. 2006 340 -59.1 23.4
CIRS 030TI FIRNADCMP003 PRIME 09 Oct. 2006 286 33.9 19.9
CIRS 031TI COMPMAP001 VIMS 25 Oct. 2006 160 -14.5 16.3
CIRS 036TI FIRNADCMP002 PRIME 28 Dec. 2006 136 -89.1 12.6
CIRS 036TI FIRNADCMP003 PRIME 27 Dec. 2006 321 78.6 21.0
CIRS 037TI FIRNADCMP001 PRIME 12 Jan. 2007 161 75.2 19.1
CIRS 037TI FIRNADCMP002 PRIME 13 Jan. 2007 107 -70.3 20.6
CIRS 038TI FIRNADCMP001 PRIME 28 Jan. 2007 254 86.3 16.7
CIRS 038TI FIRNADCMP002 PRIME 29 Jan. 2007 254 -39.7 22.0
CIRS 039TI FIRNADCMP002 PRIME 22 Feb. 2007 23 69.9 21.2
CIRS 040TI FIRNADCMP001 PRIME 09 Mar. 2007 159 -49.2 21.1
CIRS 040TI FIRNADCMP002 PRIME 10 Mar. 2007 109 88.8 13.3
CIRS 041TI FIRNADCMP002 PRIME 26 Mar. 2007 102 61.2 19.3
CIRS 042TI FIRNADCMP001 PRIME 10 Apr. 2007 103 -60.8 26.0
CIRS 042TI FIRNADCMP002 PRIME 11 Apr. 2007 272 71.5 22.6
CIRS 043TI FIRNADCMP001 PRIME 26 Apr. 2007 263 -51.4 24.7
CIRS 043TI FIRNADCMP002 PRIME 27 Apr. 2007 104 77.1 20.0
CIRS 044TI FIRNADCMP002 PRIME 13 May 2007 104 -0.5 18.8
CIRS 045TI FIRNADCMP001 PRIME 28 May 2007 231 -22.3 22.6
CIRS 045TI FIRNADCMP002 PRIME 29 May 2007 346 52.4 29.5
CIRS 046TI FIRNADCMP001 PRIME 13 Jun. 2007 60 17.6 28.6
CIRS 046TI FIRNADCMP002 PRIME 14 Jun. 2007 102 -20.8 19.0
CIRS 047TI FIRNADCMP001 PRIME 29 Jun. 2007 204 9.8 23.2
CIRS 047TI FIRNADCMP002 PRIME 30 Jun. 2007 238 20.1 23.7
CIRS 048TI FIRNADCMP001 PRIME 18 Jul. 2007 96 -34.8 31.4
CIRS 048TI FIRNADCMP002 PRIME 19 Jul. 2007 260 49.5 35.8
CIRS 050TI FIRNADCMP001 PRIME 01 Oct. 2007 144 -10.1 23.8
CIRS 050TI FIRNADCMP002 PRIME 02 Oct. 2007 106 29.9 19.7
CIRS 052TI FIRNADCMP002 PRIME 19 Nov. 2007 272 40.3 26.5
CIRS 053TI FIRNADCMP001 PRIME 04 Dec. 2007 223 -40.2 25.8
CIRS 053TI FIRNADCMP002 PRIME 05 Dec. 2007 102 59.4 28.3
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CIRS 054TI FIRNADCMP002 PRIME 21 Dec. 2007 107 60.4 21.1
CIRS 055TI FIRNADCMP001 PRIME 05 Jan. 2008 190 18.7 30.5
CIRS 055TI FIRNADCMP002 PRIME 06 Jan. 2008 284 44.6 22.2
CIRS 059TI FIRNADCMP001 PRIME 22 Feb. 2008 172 -24.9 20.7
CIRS 059TI FIRNADCMP002 PRIME 23 Feb. 2008 98 17.1 20.0
CIRS 062TI FIRNADCMP002 PRIME 25 Mar. 2008 115 59.3 17.1
CIRS 067TI FIRNADCMP002 PRIME 12 May 2008 286 29.5 21.0
CIRS 069TI FIRNADCMP001 PRIME 27 May 2008 112 -44.6 27.3
CIRS 069TI FIRNADCMP002 PRIME 28 May 2008 112 9.5 19.3
CIRS 093TI FIRNADCMP002 PRIME 20 Nov. 2008 161 43.7 21.1
CIRS 095TI FIRNADCMP001 PRIME 05 Dec. 2008 213 -14.0 20.7
CIRS 097TI FIRNADCMP001 PRIME 20 Dec. 2008 231 -10.9 23.7
CIRS 106TI FIRNADCMP001 PRIME 26 Mar. 2009 165 -60.3 19.2
CIRS 107TI FIRNADCMP002 PRIME 27 Mar. 2009 164 33.5 30.4
CIRS 110TI FIRNADCMP001 PRIME 06 May 2009 282 -68.1 25.7
CIRS 111TI FIRNADCMP002 PRIME 22 May 2009 168 -27.1 23.1
CIRS 112TI FIRNADCMP001 PRIME 06 Jun. 2009 218 48.7 21.0
CIRS 112TI FIRNADCMP002 PRIME 07 Jun. 2009 274 -58.9 20.2
CIRS 114TI FIRNADCMP001 PRIME 09 Jul. 2009 164 -71.4 25.4
CIRS 115TI FIRNADCMP001 PRIME 24 Jul. 2009 146 50.7 20.1
CIRS 119TI FIRNADCMP002 PRIME 12 Oct. 2009 166 0.4 18.3
CIRS 122TI FIRNADCMP001 PRIME 11 Dec. 2009 212 39.8 24.7
CIRS 123TI FIRNADCMP002 PRIME 28 Dec. 2009 186 -46.1 22.3
CIRS 124TI FIRNADCMP002 PRIME 13 Jan. 2010 272 -1.2 19.0
CIRS 125TI FIRNADCMP001 PRIME 28 Jan. 2010 156 39.9 27.5
CIRS 125TI FIRNADCMP002 PRIME 29 Jan. 2010 280 -44.9 27.3
CIRS 129TI FIRNADCMP001 PRIME 05 Apr. 2010 119 -45.1 28.2
CIRS 131TI FIRNADCMP001 PRIME 19 May 2010 188 -30.0 22.1
CIRS 131TI FIRNADCMP002 PRIME 20 May 2010 229 -19.8 21.5
CIRS 132TI FIRNADCMP002 PRIME 05 Jun. 2010 167 49.4 27.4
CIRS 133TI FIRNADCMP001 PRIME 20 Jun. 2010 187 -49.7 36.1
CIRS 134TI FIRNADCMP001 PRIME 06 Jul. 2010 251 -10.0 20.0
CIRS 138TI FIRNADCMP001 PRIME 24 Sep. 2010 190 -30.1 21.2
CIRS 139TI COMPMAP001 PRIME* 14 Oct. 2010 132 -70.9 20.6
CIRS 139TI COMPMAP001 PRIME* 14 Oct. 2010 108 -53.8 16.7
CIRS 148TI FIRNADCMP001 PRIME 08 May 2011 200 -10.0 18.3
CIRS 153TI FIRNADCMP001 PRIME 11 Sep. 2011 227 9.9 19.0
CIRS 158TI FIRNADCMP501 PRIME 13 Dec. 2011 369 -29.9 24.7
CIRS 159TI FIRNADCMP001 PRIME 02 Jan. 2012 275 -42.2 23.7
CIRS 160TI FIRNADCMP001 PRIME 29 Jan. 2012 322 -40.0 21.7
CIRS 160TI FIRNADCMP002 PRIME 30 Jan. 2012 280 -0.2 18.3
CIRS 161TI FIRNADCMP001 PRIME 18 Feb. 2012 121 9.9 18.4
CIRS 161TI FIRNADCMP002 PRIME 19 Feb. 2012 89 -15.0 17.3
CIRS 166TI FIRNADCMP001 PRIME 22 May 2012 318 -19.9 19.9
CIRS 167TI FIRNADCMP002 PRIME 07 Jun. 2012 293 -45.4 21.7
CIRS 169TI FIRNADCMP001 PRIME 24 Jul. 2012 258 -9.7 20.7
CIRS 172TI FIRNADCMP001 PRIME 26 Sep. 2012 282 44.9 18.5
CIRS 172TI FIRNADCMP002 PRIME 26 Sep. 2012 270 -70.4 23.2
CIRS 174TI FIRNADCMP002 PRIME 13 Nov. 2012 298 -71.8 21.8
CIRS 175TI FIRNADCMP002 PRIME 29 Nov. 2012 299 -59.9 19.3
CIRS 185TI FIRNADCMP001 PRIME 05 Apr. 2013 244 15.0 20.1
CIRS 185TI FIRNADCMP002 PRIME 06 Apr. 2013 303 -88.9 16.8
CIRS 190TI FIRNADCMP001 PRIME 23 May 2013 224 -0.2 25.6
CIRS 190TI FIRNADCMP002 PRIME 24 May 2013 298 -45.0 20.0
CIRS 194TI FIRNADCMP001 PRIME 10 Jul. 2013 186 30.0 19.7
CIRS 195TI FIRNADCMP001 PRIME 25 Jul. 2013 186 19.6 24.5
CIRS 197TI FIRNADCMP001 PRIME 11 Sep. 2013 330 60.5 19.4
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CIRS 198TI FIRNADCMP001 PRIME 13 Oct. 2013 187 88.9 8.7
CIRS 198TI FIRNADCMP002 PRIME 14 Oct. 2013 306 -69.8 24.0
CIRS 199TI FIRNADCMP001 PRIME 30 Nov. 2013 329 68.4 23.9
CIRS 200TI FIRNADCMP001 PRIME 01 Jan. 2014 187 49.9 19.6
CIRS 200TI FIRNADCMP002 PRIME 02 Jan. 2014 210 -59.8 21.3
CIRS 201TI FIRNADCMP001 PRIME 02 Feb. 2014 329 19.9 26.8
CIRS 201TI FIRNADCMP002 PRIME 03 Feb. 2014 234 -39.6 20.9
CIRS 203TI FIRNADCMP001 PRIME 07 Apr. 2014 187 75.0 18.0
CIRS 203TI FIRNADCMP002 PRIME 07 Apr. 2014 239 0.5 27.5
CIRS 204TI FIRNADCMP002 PRIME 18 May 2014 199 0.4 27.0
CIRS 205TI FIRNADCMP001 PRIME 18 Jun. 2014 144 -45.1 20.5
CIRS 205TI FIRNADCMP002 PRIME 18 Jun. 2014 161 30.3 19.1
CIRS 206TI FIRNADCMP001 PRIME 19 Jul. 2014 181 -50.3 17.8
CIRS 206TI FIRNADCMP002 PRIME 20 Jul. 2014 161 30.6 18.4
CIRS 207TI FIRNADCMP001 PRIME 20 Aug. 2014 179 -70.0 17.8
CIRS 207TI FIRNADCMP002 PRIME 21 Aug. 2014 163 79.7 17.6
CIRS 208TI FIRNADCMP001 PRIME 21 Sep. 2014 329 -80.0 15.6
CIRS 208TI FIRNADCMP002 PRIME 22 Sep. 2014 175 60.5 17.8
CIRS 209TI FIRNADCMP001 PRIME 23 Oct. 2014 181 -35.2 17.7
CIRS 209TI FIRNADCMP002 PRIME 24 Oct. 2014 233 50.5 18.5
CIRS 210TI FIRNADCMP001 PRIME 10 Dec. 2014 329 -70.3 25.2
CIRS 210TI FIRNADCMP002 PRIME 11 Dec. 2014 237 -19.6 27.6
CIRS 211TI FIRNADCMP001 PRIME 11 Jan. 2015 225 19.6 25.0
CIRS 211TI FIRNADCMP002 PRIME 12 Jan. 2015 258 40.0 19.3
CIRS 212TI FIRNADCMP002 PRIME 13 Feb. 2015 257 -40.0 30.1
CIRS 213TI FIRNADCMP001 PRIME 16 Mar. 2015 187 -31.6 19.6
CIRS 213TI FIRNADCMP002 PRIME 16 Mar. 2015 258 23.4 20.5
CIRS 215TI FIRNADCMP001 PRIME 07 May 2015 250 -50.0 31.0
CIRS 215TI FIRNADCMP002 PRIME 08 May 2015 232 -30.0 21.7
CIRS 218TI FIRNADCMP001 PRIME 06 Jul. 2015 249 -20.0 19.9
CIRS 218TI FIRNADCMP002 PRIME 07 Jul. 2015 232 -40.0 25.2
CIRS 222TI FIRNADCMP001 PRIME 28 Sep. 2015 125 30.0 21.7
CIRS 222TI FIRNADCMP002 PRIME 29 Sep. 2015 233 -0.1 18.6
CIRS 230TI FIRNADCMP001 PRIME 15 Jan. 2016 282 -15.0 19.5
CIRS 231TI FIRNADCMP001 PRIME 31 Jan. 2016 254 15.0 19.6
CIRS 231TI FIRNADCMP002 PRIME 01 Feb. 2016 236 0.4 18.9
CIRS 232TI FIRNADCMP001 PRIME 16 Feb. 2016 249 -50.2 24.5
CIRS 232TI FIRNADCMP002 PRIME 17 Feb. 2016 92 -19.8 21.5
CIRS 234TI FIRNADCMP001 PRIME 04 Apr. 2016 328 19.8 24.7
CIRS 235TI FIRNADCMP001 PRIME 06 May 2016 163 -60.0 19.7
CIRS 235TI FIRNADCMP002 PRIME 07 May 2016 221 15.7 20.1
CIRS 236TI FIRNADCMP001 PRIME 07 Jun. 2016 88 -70.5 20.5
CIRS 236TI FIRNADCMP002 PRIME 07 Jun. 2016 238 60.8 20.0
CIRS 238TI FIRNADCMP002 PRIME 25 Jul. 2016 220 15.4 20.5
CIRS 248TI FIRNADCMP001 PRIME 13 Nov. 2016 185 -88.9 18.3
CIRS 248TI FIRNADCMP002 PRIME 14 Nov. 2016 186 30.3 17.4
CIRS 250TI FIRNADCMP002 PRIME 30 Nov. 2016 219 -19.8 28.4
CIRS 259TI COMPMAP001 PIE 01 Feb. 2017 302 -69.0 20.6
CIRS 270TI FIRNADCMP001 PRIME 21 Apr. 2017 166 -74.7 25.4
CIRS 283TI COMPMAP001 PRIME* 10 Jul. 2017 114 60.0 26.5
CIRS 283TI COMPMAP001 PRIME* 10 Jul. 2017 134 67.5 24.7
CIRS 287TI COMPMAP001 PIE 11 Aug. 2017 305 88.9 9.3
CIRS 288TI COMPMAP002 PIE 11 Aug. 2017 269 66.7 23.7
CIRS 292TI COMPMAP001 PRIME 12 Sep. 2017 192 70.4 19.2
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